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V
aricella zoster virus (VZV) is a neurotropic alphaherpesvirus that causes varicella and establishes latency in the sensory ganglia (trigeminal and dorsal root) (2) . Reactivation of VZV results in herpes zoster (HZ), a painful and debilitating disease that affects 1 million individuals in the United States alone (2) , with 60% of these cases occurring in persons 50 years of age or older (3) . Given that 22% of the U.S. population will be over the age of 60 by 2020 (www.census.gov/compendia/statab/2012/tables/12s0009 .pdf), the incidence of HZ is likely to increase.
Successful resolution of primary VZV infection relies on both cell-mediated and humoral immunity. Specifically, the administration of immunoglobulins with high titers of IgG antibodies (Abs) to VZV can mitigate disease severity for up to 10 days after exposure (4, 5) . Some clinical observations suggest that T cells may contribute more than antibodies in unvaccinated subjects. For instance, progressive varicella is most often reported in children with defects in cellular immunity or who are undergoing immunosuppressive treatment (7) . In addition, children infected with HIV are at risk of prolonged viremia, continued formation of skin lesions, and dissemination of the virus to the lungs and other organs (7, 8) and early production of VZV antibodies by HIVpositive (HIV ϩ ) children does not prevent progressive varicella (9) . On the other hand, children with agammaglobulinemia have uncomplicated varicella episodes (10) (11) . Similarly, it is believed that the increased risk of VZV reactivation among older individuals is due to an age-associated decrease in T cell immunity (13) as VZV-specific antibody titers do not significantly decline with age (14) . However, despite its importance in the prevention of reactivation, the T cell response to VZV remains poorly defined.
Previous studies using cultured T cell lines from peripheral blood mononuclear cells (PBMCs) of healthy adults have demonstrated the presence of cytolytic CD4 and CD8 T cell responses to VZV open reading frames (ORFs) ORF4, ORF10, ORF29, ORF62, ORF63, and ORF67 (16) (17) (18) . More recent studies also using T cell lines suggest that the anti-ORF4, -63, -67, and -68 responses are predominated by CD4 T cells (1, (19) (20) (21) . However, to date, a comprehensive ex vivo analysis of the T cell response to the entire VZV genome has not been conducted. Consequently, our understanding of the global anti-VZV T cell response remains incomplete. This is illustrated by the fact that one study concluded that the CD4 T cell response to VZV is directed primarily against ORF4 (19) , while a follow-up study suggested that the anti-VZV response is primarily mediated by CD4 T cells directed against ORF67 (20) . We have recently shown that intrabronchial infection of young rhesus macaques (RM) with simian varicella virus (SVV) results in disease characteristic of VZV infection in humans, with the appearance of a generalized varicella rash at 7 days postinfection (dpi), generation of T and B cell responses that peak at 7 to 14 days postinfection, resolution of viremia coincident with abatement of varicella at 21 to 35 days postinfection, and establishment of latency with limited transcriptional activity in the sensory ganglia (22, 23) . SVV and VZV are evolutionarily related and are colinear with respect to genome organization (24) (25) (26) (27) . With a single exception (described below), each of the SVV ORFs has a corresponding VZV homolog which shares amino acid identities ranging from 75.4% (ORF31, gB) to 27.3% (ORF1), with an average 55.5% amino acid identity across the genome (26) . The only significant difference between the SVV and VZV genomes occurs in the left terminus, where SVV lacks a VZV ORF2 homolog and encodes ORF A, which is absent from the VZV genome (24, 26, 28, 29) . Indeed, immunization of Erythrocebus patas with VZV can protect the animals from SVV challenge, demonstrating the antigenic relatedness of the two viruses (30) . SVV can also reactivate in animals exposed to social/environmental stress such as transportation or introduction of new animals into an existing group (31) (32) (33) (34) as well as in animals subjected to immune system-suppressive treatments (35) (36) (37) (38) . Thus, infection of nonhuman primates (NHP) with SVV provides a translational model with which to gain insight into the anti-VZV T cell response.
In this study, we characterized the specificity of the T cell response generated during both acute and latent SVV infections by measuring the frequency of gamma interferon (IFN-␥)-producing T cells from PBMC or bronchial alveolar lavage (BAL) fluid samples following stimulation with overlapping peptide libraries for each SVV ORF. Despite the intersubject variability, we detected robust T cell responses to SVV ORF4, ORF9, ORF11, ORF37, and ORF47 during both acute and latent infection in BAL fluid and during acute infection in PBMC. Interestingly, no T cell responses were detected in PBMC during latency. SVV ORF4 encodes immediate early protein 2, functions as a transcriptional activator, and shares 43.2% amino acid similarity with VZV ORF4 (26) . SVV ORF9, ORF11, and ORF37 encode tegument proteins (ORF9 and ORF11) and glycoprotein H (ORF37). Respectively, they share 59.4%, 50.8%, and 55.5% amino acid identity with VZV ORF9, ORF11, and ORF37 (26) . SVV ORF47 is a putative protein kinase that shares 65% amino acid identity with VZV ORF47. Given the high homology between these SVV ORFs and their respective VZV counterparts, these results provide preclinical data that can help shape the development of second-generation vaccines to specifically boost key T cell responses to VZV.
METHODS AND MATERIALS
Animals and sample collection. This study was carried out in strict accordance with the recommendations described in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, the Office of Animal Welfare, and the United States Department of Agriculture. All animal work was approved by the Oregon National Primate Research Center Institutional Animal Care and Use Committee. All procedures were carried out under conditions of ketamine anesthesia in the presence of veterinary staff, and all efforts were made to minimize animal suffering. A total of 20 colony-bred rhesus macaques (RM [Macaca mulatta) (ages 2 to 12 years) of Indian origin were used in these studies. All animals were inoculated intrabronchially with 4 ϫ 10 5 PFU SVV as previously described (22) . For those animals in the acute group (n ϭ 8), terminal blood and bronchial alveolar lavage (BAL) fluid samples were collected at 7, 10, and 14 days postinfection (dpi) (n ϭ 2 to 3/time point). For those animals in the latent group (n ϭ 12), terminal blood and BAL fluid samples were collected Ͼ72 dpi. BAL fluid samples were pelleted and resuspended in RPMI medium supplemented with 10% fetal bovine serum (FBS), streptomycin/penicillin, and L-glutamine (RPMI complete DNA extraction and quantitative real-time PCR (qPCR). DNA was extracted from heparinized whole-blood (WB) and BAL fluid cells using an ArchivePure DNA cell/tissue kit (5 Prime, Gaithersburg, MD). SVV DNA loads were determined by real-time PCR using primers and probes specific for SVV ORF21 using an ABI StepOne instrument (Applied Biosystems, Foster City, CA) as previously described (22) . The limit of detection for this assay is 10 copies per 100 ng DNA.
Peptide pool libraries. Overlapping peptide pool libraries for each of the 70 SVV open reading frames (ORFs) were generated. Peptides were synthesized by Sigma-Aldrich (St. Louis, MO) as sequences 18 amino acids long and overlapping by 10 amino acids. All peptides were subjected to mass spectrometry to ensure the correct sequence and were provided as crude, albeit with a guaranteed purity range of 65% to 75%. Previous studies indicate that peptides ranging from 15 to 20 amino acids in length yield similar results in an IFN-␥-enzyme-linked immunosorbent spot (ELISpot) assay (39, 40) , but there is a potential that CD8 T cell responses might be underestimated when using long peptides. Lyophilized peptides were reconstituted at a concentration of 10 mg/ml in sterile endotoxinfree DMSO and stored at Ϫ80°C. Peptide pools were prepared for each ORF by combining all peptides across an ORF. Peptide pools were composed of an average of 63 peptides per pool, with a range of from 9 (ORF49 and ORF65) to 331 (ORF22) peptides per pool. The concentration of each peptide within a given pool ranged from 1.1 mg/ml (ORF49 and ORF65) to 0.03 mg/ml (ORF22), with an average concentration of 0.29 mg/ml. PBMC or BAL fluid cells were stimulated using 1 l (1 g/ml final concentration) of each peptide pool.
ELISpot assay. The ELISpot assay was carried out as previously described (40) . Briefly, we used 96-well polyvinylidene fluoride-bottomed plates precoated with recombinant anti-rhesus IFN-␥ monoclonal antibody (MAb; Mabtech AB, Sweden). The plates were blocked with RPMI medium supplemented with 10% FBS for 30 min at room temperature. PBMCs or BAL fluid cells (2 ϫ 10 5 /well) were stimulated in triplicate with overlapping peptide libraries for all 70 of the SVV ORFs (1 g/well final concentration of the peptide pool), phorbol myristate acetate (PMA)/ ionomycin (100 and 250 ng/ml; positive control), and DMSO (0.5% final concentration; negative control). After incubation at 37°C for 18 h, the plates were washed with phosphate-buffered saline (PBS). Biotinylated anti-human IFN-␥ MAb (1 g/ml) was added, and plates were incubated for 2 h at room temperature. After washing with PBS, streptavidin-alkaline phosphate (streptavidin-ALP) was added to all wells and the plates were incubated for 1 h at room temperature. Following washing with PBS, BCIP (5-bromo-4-chloro-3-indolylphosphate)-nitroblue tetrazolium (NBT)-plus substrate was added and the plates were allowed to develop in the dark for 5 to 15 min until spots appeared. Color development was stopped by washing in tap water, and the plates were allowed to dry. After drying, the numbers of SVV ORF-specific IFN-␥-secreting spot-forming cells (SFC) were counted by the use of an EliSpot reader (ELR06; AID GmbH, Germany) using AID EliSpot 6.0 software, LITE version. Data were normalized by first subtracting the number of SFC in negative-control wells (DMSO) from the number in antigen-stimulated wells and then subtracting the average number of SFC detected in stimulated wells from SVV-naive animals.
Intracellular cytokine staining. PBMCs and BAL fluid cells (1 to 2 ϫ 10 6 /well) were stimulated with SVV overlapping peptide libraries (1 g/ well), PMA/ionomycin (1 g/ml), or DMSO (1 g/ml) for 1 h followed by addition of brefeldin A (Sigma) for an additional 14 h. After incubation, cells were stained with antibodies directed against CD4 (PerCp Cy5.5, clone OKT4, eBioscience, San Diego, CA) and CD8␤ (Pe Texas Red, clone 2ST8.5H7; Beckman Coulter, Brea, CA). Samples were then fixed and permeabilized with fixation buffer (BioLegend) before the addition of antibodies directed against IFN-␥ (PeCy7, clone 4S.B3; eBioscience). Samples were analyzed using an LSRII instrument (Becton Dickinson and Company, San Jose, CA) and FlowJo software (TreeStar, Ashland, OR).
Statistical analysis. Bootstrapping was used to establish the empirical 95% confidence intervals for the median, 2.5 percentile, and 97.5 percentile for responses generated by naive animals in BAL fluid and PBMC. Bootstrapping is a computer-based method for assigning measures of accuracy to sample estimates when the distribution of the data is not known (42) . Reported point and interval estimates of median, 2.5 percentile, and 97.5 percentile were based on 10,000 bootstrap replications with unrestricted random sampling. These confidence intervals were then used to identify "positive" responses in the ELISpot assays. Pair-matched comparisons were performed using a two-tailed Student t test to analyze differences between (i) total SFC numbers between acute BAL fluid and PBMC samples within the same animal and (ii) CD4 and CD8 T cell responses to immediate early (IE)/early (E) and late (L) ORFs. An unpaired two-tailed Student t test was used to compare total SFC numbers between acute BAL fluid and latent BAL fluid samples as well as T cell responses to specific ORFs between acute and latent infections. Statistical significance was determined at the level of 0.05.
RESULTS

SVV loads.
All animals were infected intrabronchially with 4 ϫ 10 5 PFU SVV. SVV loads were determined in whole-blood (WB) and bronchial alveolar lavage (BAL) fluid samples from all animals by quantitative real-time PCR (qPCR). We detected SVV DNA in BAL fluid at 7 (n ϭ 3), 10 (n ϭ 2), and 14 (n ϭ 3) days postinfection (dpi) for all 8 animals (Table 1) . SVV DNA was detected in WB in three animals at 7 dpi but in only one animal (27916) 10 dpi and in two animals (27180 and 27244) 14 dpi (Table 1) . Collectively, SVV loads detected in BAL fluid were higher than those detected in WB during acute infection (P Ͻ 0.01), which is consistent with previous observations and reflects the route of infection (22, 23) . SVV loads in WB and BAL fluid of all latently infected animals (n ϭ 12) were below the level of detection (data not shown), although viral DNA was detected in at least one sensory ganglion in all latently infected animals ( Table  2) , which is a characteristic of viral latency (22) .
T cell responses to SVV ORFs during acute infection in BAL fluid. Cryopreserved BAL fluid and PBMC samples from uninfected animals (n ϭ 3) and from animals acutely infected with SVV (7, 10, and 14 dpi) were stimulated ex vivo with overlapping peptide pools corresponding to all 70 SVV ORFs. The number of responding T cells was determined using IFN-␥-ELISpot assays and is reported as the number of spot-forming cells (SFC). As expected, BAL fluid cells from uninfected animals show minimal response to stimulation with overlapping SVV peptide pools (median, 2.8 SFC/200,000 BAL fluid cells/ORF) (Fig. 1A) . We used bootstrapping statistical analysis to establish the lower and upper 95% confidence intervals for the responses generated by naive animals. This analysis revealed an upper limit of 17 SFC for T cell responses in BAL fluid samples of naive animals, which was the value used as the cutoff to identify positive responses in infected animals.
In SVV-infected animals, the numbers of ORFs targeted by the T cell response and the magnitudes of the response to each ORF differed between animals, resulting in a unique immunogenicity hierarchy for each animal. For instance, animal 28547 generated a T cell response to 55 ORFs, with roughly 30% of the overall responses being directed against ORF9, ORF31, ORF37, ORF61, and ORF62 (Fig. 1B) . Overall, SVV-infected animals generate a robust (average, 4,555 total SFC/200,000 BAL fluid cells) and broad T cell response, with average positive responses detected against 55 SVV ORFs (Fig. 1C) . No average positive responses were detected against ORF B, ORF9A, ORF13, ORF15, ORF30, ORF35, ORF39, ORF42, ORF46, ORF51, ORF54, ORF56, ORF58, ORF65, and ORF66 (Fig. 1C) .
We also calculated the number of animals that generated a positive IFN-␥ ELISpot response to each ORF. This analysis revealed that positive T cell responses to SVV ORF4, ORF9 to ORF11, ORF16 to ORF18, ORF20 to ORF24, ORF26, ORF27, ORF29, ORF31 to ORF34, ORF36 to ORF38, ORF40, ORF44, ORF47, ORF48, ORF50, ORF52, ORF55, ORF60 to ORF63, and ORF67 to ORF68 were detected in at least 5 of the 8 animals studied (Fig. 1D) . T cell responses directed against these 35 immunogenic ORFs accounted for approximately 76% of the overall T cell response to SVV in each animal examined.
T cell responses to SVV ORFs during acute infection in PBMC. We next characterized the anti-SVV T cell response in peripheral blood. PBMCs collected from naive animals generated minimal responses following stimulation with SVV ORFs (median, 1.78 SFC/200,000 PBMC/ORF) ( Fig. 2A) . We again used bootstrapping analysis to determine the upper limits of the T cell response generated by PBMC in naive animals. This approach defined a threshold of 4.78 SFC/200,000 PBMC to define a positive response. Similar to our analysis of BAL fluid cells, each animal generated a unique T cell response in terms of ORFs recognized and the magnitude of the response to each ORF. For example, animal 28547 generated a T cell response to 24 ORFs, with roughly 42% of the overall responses being directed against ORF A, ORF3, ORF9, ORF20, ORF27, and ORF37 (Fig. 2B ). On average, T cell responses in peripheral blood were significantly lower than those observed in BAL fluid (average, 613 SFC/animal, P Ͻ 0.01) and slightly narrower, with average positive responses detected against 43 of the 70 SVV ORFs (Fig. 2C) . The highest responses were directed against ORF3, ORF4, ORF9, ORF10, ORF11, ORF20, ORF28, ORF37, ORF47, ORF63, and ORF68 and together accounted for 42% of the total anti-SVV T cell response in PBMC. We next identified SVV ORFs that elicited a positive IFN-␥-ELISpot response in greater than 50% of the animals (Fig. 2C) . SVV ORF3, ORF9, ORF18 to ORF20, ORF22, ORF29, ORF31, ORF37, and ORF44 met this criterion (Fig. 2C) , and T cell responses directed against these 10 ORFs accounted for an average 26% of the overall response to SVV in PBMC. Since we measured T cell responses in two different anatomical sites (peripheral blood and lung) within each animal, we determined the correlation between the two responses. This analysis revealed an average r 2 value of 0.56 (ranging from 0.41 to 0.66) and an average P value Ͻ 0.01 indicative of related responses in the periphery and the site of infection (lungs) during acute infection within each animal.
Contribution of CD4 versus CD8 T cells to the anti-SVV response during acute infection. Both CD4 and CD8 T cells contribute to the anti-VZV/SVV response (22, (44) (45) (46) . Therefore, we next assessed whether T cell responses to immunodominant ORFs in BAL fluid cells and PBMCs were primarily mediated by CD4 or CD8 T cells by measuring the frequency of IFN-␥ ϩ CD4 and CD8 T cells by intracellular cytokine staining (ICS) following stimulation with overlapping peptide pools (Fig. 3A) . We focused our analysis on the ORFs against which positive T cell responses were detected in BAL fluid cells and PBMCs in at least 4 of 8 animals: ORF4, ORF9, ORF10, ORF11, ORF16, ORF20, ORF22, ORF27, ORF31, ORF37, ORF38, ORF40, ORF44, ORF47, ORF62, ORF63, and ORF68 (Fig. 3) . We were able to perform this analysis using BAL fluid and PBMC samples only from animals 6 and 7 of 8 animals, respectively, due to the paucity of available cells.
As observed with the IFN-␥ ELISpot data, the average frequencies of responding T cells differed between ORFs and between animals responding to the same ORF in BAL fluid cells (Fig. 3B and C) and PBMCs ( Fig. 3D and E) . T cell responses to putative immediate early (IE) and early (E) gene products (ORF4, ORF16, ORF27, ORF47, ORF62, and ORF63) seemed to be primarily mediated by CD8 T cells in BAL fluid cells and/or PBMCs ( Fig. 3B  and D) . On the other hand, T cell responses to putative late (L) ORFs (ORF9, ORF10, ORF11, ORF20, ORF22, ORF31, ORF37, ORF38, ORF40, ORF44, and ORF68) appeared to be primarily carried out by CD4 T cells in BAL fluid cells (Fig. 3C) and both CD4 and CD8 T cells in PBMCs (Fig. 3E) . To test this observation, we compared the overall CD8 and CD4 T cell responses ( Fig. 3F  and G) . This analysis showed that CD4 and CD8 T cell responses to putative IE/E genes in BAL fluid and PBMC were similar (P ϭ 0.40 and 0.15, respectively) ( Fig. 3F and G) . However, overall CD4 T cell responses to late (structural) genes are significantly higher than those elicited by CD8 T cells in BAL fluid cells (P Ͻ 0.01) (Fig.  3F) . Finally, there was no difference in the frequencies of CD4 and CD8 T cells responding to products of late genes in PBMCs (P ϭ 0.48) (Fig. 3G) .
T cell responses to SVV ORFs during latent infection. We next investigated the specificity of the anti-SVV T cell response during latency. We were able to detect SVV-specific T cells only in BAL fluid samples, as the frequency of responding T cells in PBMCs ex vivo was below the threshold of detection by IFN-␥-ELISpot assays. As was observed with acute infection, the numbers of ORFs targeted and the sizes of the T cell response to each ORF from BAL fluid samples of latently infected animals differed between animals. To illustrate, animal 25339 generated a response to 44 ORFs, with roughly 35% of the overall response being directed against SVV ORF4, ORF9, ORF16, ORF40, ORF47, and ORF50 (Fig. 4A) . Overall, the T cell response in BAL fluid cells during latency is lower in magnitude than that observed during acute infection (average, 1,453 compared to 4,555 total SFC/200,000 BAL fluid cells, P Ͻ 0.01) (Fig. 4B and 1C, respectively) . The breadth of the T cell response during latency was also reduced compared to that seen during acute infection, with average positive responses detected against 26 ORFs compared to 55 ORFs, respectively ( Fig. 1C and 4B ). Positive T cell responses to SVV ORF4, ORF11, ORF19, ORF31, and ORF37 were detected in Ͼ50% of the animals (Fig. 4C) , and responses directed against these 5 ORFs accounted for 28% of the overall anti-SVV response during latency (Fig. 4C) .
Contribution of BAL fluid CD4 and CD8 T cells to the anti-SVV response during latent infection.
Using the ICS assay, we determined whether the BAL fluid T cell responses observed during latency were mediated by CD4 or by CD8 T cells. We were able to perform ICS analysis on only 8 of 12 animals and were able to test responses only to SVV ORF4, ORF9, ORF11, ORF16, ORF31, ORF32, ORF37, ORF47, ORF62, and ORF68 due to the scarcity of available cells. As noted above for the T cell response during acute infection, frequencies of responding T cells in the BAL fluid differed between ORFs and between animals responding to the same ORF (Fig. 5 ). CD8 T cell responses to ORF4 were slightly higher than the CD4 T cell responses (P ϭ 0.07) (Fig. 5A ). CD8 T cell responses to ORF9, ORF11, and ORF37 were also slightly higher than CD4 T cell responses (P ϭ 0.07, 0.06, and 0.09, respectively) (Fig. 5B) . Since we detected a trend toward higher CD8 T cell responses for some of the ORFs encoding putative L genes, we compared the overall CD8 and CD4 T cell responses to IE/E and L genes. This analysis showed that the overall CD8 T cell response to late proteins was significantly greater than the CD4 response (P ϭ 0.04) (Fig. 5C ). observations strongly suggest that T cell immunity is critical in the successful resolution and control of VZV infection (47) . However, our knowledge of the specificity of the anti-VZV T cell response during acute and latent infection remains incomplete. Simian varicella virus (SVV) is a neurotropic alphaherpesvirus that naturally infects nonhuman primates (NHP) and shares significant amino acid identity and genome colinearity with VZV (24) (25) (26) (27) . Intrabronchial inoculation of rhesus macaques with SVV recapitulates the following hallmarks of VZV infection: (i) rash; (ii) development of cellular and humoral immune responses; (iii) resolution of acute viremia; and (iv) establishment of latency in sensory ganglia (22) . Similar to VZV, SVV transmission is believed to occur through contact with skin lesions or via exposure to virus-laden aerosolized droplets from infected animals (6, (48) (49) (50) . Furthermore, reactivation of SVV has been observed in immune system-suppressed animals or those subjected to social and environmental stress (31) (32) (33) (34) . Therefore, SVV infection of nonhuman primates provides a robust animal model to gain insight into the anti-VZV T cell response. In this study, we characterized the T cell response to the entire SVV proteome during both acute and latent infections. Our results show that each animal generates a unique T cell response with a distinctive immunogenicity profile. During acute infection, the T cell responses in peripheral blood exhibited reduced magnitude and breadth compared to the levels seen in BAL fluid cells, most likely a reflection of the increased viral replication in the lungs compared to peripheral blood. However, within the same animal, peripheral blood-and BAL fluid-resident T cells targeted similar ORFs. Despite the animal-to-animal variation, we were able to identify 35 immunogenic SVV ORFs to which a majority of animals generated a positive T cell response in BAL fluid samples. These ORFs represent all three kinetic classes of viral genes, rang-A.
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C. ing from transactivators to glycoproteins. T cell responses directed against these ORFs account on average for 75% of the total SVVspecific BAL fluid-resident T cell response. Although only 10 ORFs engendered positive T cell responses in the majority of the animals in PBMC, these ORFs also represented all three major kinetic classes and together accounted for 24% of the overall anti-SVV T cell response. Moreover, with the exception of ORF3, positive T cell responses to these ORFs were also detected in BAL fluid cells in the majority of animals studied. The higher and broader response observed in BAL fluid is in agreement with robust SVV replication and gene expression occurring primarily in the lung rather than peripheral blood during acute infection (22, 23) . Our previous characterization of acute SVV gene expression in BAL fluid cells showed that the transcripts associated with ORF63 (transcriptional activator), ORF49 (putative myristylated virion protein), ORF41 (capsid protein), ORF23 (putative capsid protein), ORF53 (putative gamma-1 protein), and ORF65 (putative tegument phosphoprotein) were the most abundant (23) . However, with the exception of ORF63, which engendered the secondhighest T cell response in BAL fluid samples, responses to the remaining ORFs were rather modest (ORF23, ORF41, ORF49, and ORF53) or below the detection limit (ORF65). One potential explanation for the discrepancy between transcript level and immunogenicity is that the gene expression and immunogenicity data were not generated in the same animals. Therefore, it is possible that the animals in this study had a transcriptional profile different from that of the animals in the previous study. Another explanation is that transcript levels do not always correlate directly to protein levels. Moreover, immunogenicity is influenced by antigen abundance (52) , antigen processing and presentation (12), antigenic competition for major histocompatibility (MH) molecules (15) , and the diversity of the T cell repertoire available at the time of infection (54) .
Competition for MH complex (MHC) binding can be influenced by the number of peptides included in each pool. Previous studies have suggested that peptide pools consisting of fewer than 50 peptides are ideal for the stimulation of T cell responses (55) . Given that 33 of the peptide pools used in this current study were composed of more than 50 peptides/pool, it is possible that the larger mixtures of peptides could have resulted in lower responses. Specifically, the ORF22 pool had 331 peptides; the ORF40 and ORF62 pools had 160 peptides; and the ORF21, ORF28, ORF29, ORF31, ORF37, and ORF55 pools had on average 100 peptides. Consequently, T cell responses to these ORFs could be underestimated in our study. However, it is unlikely that large peptide pool complexity was a factor in the low responses to ORF B, ORF9A, ORF13, ORF15, ORF30, ORF35, ORF39, ORF42, ORF46, ORF51, ORF54, ORF56, ORF58, ORF65, and ORF66 detected during acute infection in the BAL fluid since the average pool size for members of this group is 45 peptides. Similarly, the peptide pools of ORF1, ORF B, ORF9A, ORF25, ORF32, ORF46, ORF49, ORF57, and ORF58 had Ͻ25 peptides/pool, and yet T cell responses to these small pools were also on average low and often fell below the threshold established for positive responses. Finally, we observed no correlation between the number of peptides/ORF and the average number of SFC/ORF (data not shown). Thus, for the purposes of this study, a high number of peptides present in a peptide pool did not automatically result in lower T cell responses.
As expected, we detected fewer SVV-specific T cells in BAL fluid samples during latent infection. The number of SVV ORFs that elicited positive T cell responses in Ͼ50% of the animals was also reduced, with only 5 ORFs meeting this criterion during latent infection compared to 35 ORFs during acute infection. The T cell response to these 5 ORFs accounted for about 28% of the total SVV-specific T cell response during latency. This narrowing in the T cell response between acute infection and latent infection is most likely due to the reduced magnitude of the memory T cell response. We do, however, acknowledge that the cross-sectional nature of our study design (different cohorts of animals were examined during acute infection and latent infection) could be a confounding factor. Interestingly, we were not able to detect any SVV-specific T cells in peripheral blood during latent infection. Several key studies have shown that memory T cells can primarily reside in nonlymphoid tissues such as the lung (56) . Moreover, tissue-specific programming during priming leads to directed migration of memory T cells to that tissue (57) (58) (59) likely that the intrabronchial route of infection used in our model favored the development of memory T cell population in the BAL fluid rather than the blood. The immunogenic SVV ORFs identified in this study share significant similarities with previous data on human T cell responses. T cell clones derived from ocular fluid from patients with VZV uveitis recognize VZV ORF4, ORF10, ORF14, ORF18, ORF29, ORF31, ORF61, ORF62, ORF63, ORF67, and ORF68 (60), the homologues of which were all targeted by T cells in our analysis of acute infection in BAL fluid. Moreover, we also measured robust responses to SVV ORF4, ORF62, and ORF63 during acute infection that were in line with earlier studies using human T cell lines (18, 19) .
The data presented in the paper indicate that during acute infection, both CD4 and CD8 T cells respond to putative immediate early and early (IE and E) proteins, with a trend toward higher CD8 T cell responses. On the other hand, CD4 T cells are predominant in the acute T cell response to putative late structural proteins in the BAL fluid. We also detected a higher CD8 T cell response to late proteins during latency. Given that CD4 T cells are predominant in the response to these structural proteins during acute infection, this suggests that the anti-SVV CD4 T cell response may be preferentially lost over time. This observation is in line with those of previous studies showing that VZV-seropositive young adults (18 to 40 years of age) have higher frequencies of VZV-specific CD4 T cells than older individuals (Ͼ55 years) (61) but a comparable frequency of VZV-specific CD8 T cells (43) .
One possible approach to boost T cell immunity against VZV and prevent herpes zoster would be to use subunit vaccines expressing highly immunogenic viral antigens such as the ones identified in this study. Previous studies that investigated the ability of subunit vaccines to boost VZV-specific T cell immunity have almost exclusively focused on VZV glycoprotein E (gE, ORF68) (63) . The administration of recombinant gE to naive or VZVvaccinated rodents results in the development or enhancement of gE-specific humoral responses (41, (64) (65) (66) and CD4 T cell responses (41) . Interestingly, responses to SVV gE are significantly decreased during latent SVV infection compared to acute infection (mean SFC, 155 versus 27, P ϭ 0.005).
Given that VZV reactivation is believed to be largely due to a loss in T cell immunity, boosting T cell responses that are robust during acute infection but are reduced or lost during latency may be a more promising direction for vaccine development. Our study identified several additional ORFs against which T cell responses in the BAL fluid were significantly reduced during latency. Specifically, T cell responses to ORF10, ORF20, ORF29, ORF31, ORF62, and ORF63 showed an average 83% decrease between acute infection and latent infection (P Ͻ 0.03 for each of these ORFs). Our report paves the way for a similar analysis to be carried out using human samples. The genetic homology between SVV and VZV and the close relatedness between rhesus macaques and humans provide a robust model in which to evaluate novel vaccines to boost specific anti-VZV T cell responses, thereby preventing herpes zoster in a preclinical setting.
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